Steady increase in overexploitation of stone quarries, generation of construction and demolition waste, and costs of preparing extra landfill space have become environmental and waste management challenges in metropolises. In this paper, aggregate production is studied in two scenarios: scenario 1 representing the production of natural aggregates (NA) and scenario 2 representing the production of recycled aggregates (RA). This study consists of two parts. In the first part, the objective is the environmental assessment (energy consumption and CO 2 emission) and economic (cost) evaluation of these two scenarios, which is pursued by life-cycle assessment (LCA) method. In the second part, the results of the first part are used to estimate the optimal combination of production of NA and RA and thereby find an optimal solution (scenario) for a more eco-friendly aggregate production. The defined formulas and relationship are used to develop a model. The results of model validation show that the optimal ratio, in optimal scenario, is 50%. The results show that, compared to scenario 1, optimal scenario improves the energy consumption, CO 2 emissions, and production cost by, respectively, 30%, 36%, and 31%, which demonstrate the effectiveness of this optimization.
Introduction
It has been reported that a developed country like Australia produces 8.7 million tons of waste demolition concrete, 1.3 million tons of waste brick, 3.3 million tons of waste excavation rock, 1 million tons of waste glass, and 1.2 million tons of waste asphalt every year [1] . According to other statistics [2] , 42% of all wastes in Australia are related to construction and demolition (C&D) waste, and of this amount 81% is waste concrete. Similarly, 29% of solid waste produced in the United States is C&D waste [2] , and the amount of waste concrete discarded in this country is about 30 million tons per year [3] . It is notable that demand for materials and waste generation both have a direct relationship with the population growth and urbanization [4] . In Hong Kong, 38% (14 million tons) of waste produced annually is C&D waste, and of this amount, 11 million tons are reused in state-funded repair, reconstruction, and earthwork operations, and the remaining 3 million tons are disposed in landfills [2] . Japan is far more environmentally friendly in this respect, as only 16% (750 thousand tons) of its waste generation is related to C&D (efficient reuse of materials prevents disposal in landfills) [2] .
Another notable aspect of this discussion is the overexploitation of aggregate quarries. This overexploitation is undesirable not only environmentally but also from the perspective of sustainable development, because it turns the aggregate resources needed by future generations to C&D wastes. In the United States, annual production of aggregate is about 2 billion tons and is expected to reach 2.5 billion tons by 2020 [2] [3] [4] [5] . Overall, the amount of raw materials consumed globally every year to produce construction materials reaches about three billion tons [6] . From the environmental sustainability perspective, industrial sector is one of the primary sources of air pollution and accounts for 30 to 70 percent of global energy consumption and CO 2 emissions [7] . Furthermore, about 80 percent of global greenhouse gas (GHG) emissions are the result of energy production [8] .
Recycling of aggregates could serve as a solution to reduce not only the overexploitation of quarries but also the consequent energy consumption and GHG emissions, especially CO 2 , in the associated industrial operations. In 2 Advances in Materials Science and Engineering addition to economic benefits [9] and environmental merits [10] , this solution has technical justification [9] [10] [11] as the product can be used confidently in concrete production [11] and road building applications [10] . According to research, the primary factors undermining the prospect of further use of recycled aggregates (RA) are the poor quality of recycling process [12, 13] and the poor quality of resulting concrete [14] , but according to experimental studies [3, 15, 16] , the concrete to be made with RA can be strengthened by proper adjustment of mix design and production process. Utilizing of construction waste powder as cementitious materials in concrete is another application of C&D wastes [17, 18] . According to another study, a closed circuit recycling plant outperforms its open-circuit counterpart in this respect [12] . Location of C&D waste landfill and recycling plants by GISbased methods [19] and evaluation of recycling potential [20] are other research avenues associated with this topic.
Today, life-cycle assessment (LCA) and environmental analysis of construction materials [21] are a primary line of recycling research in Europe. According to research, among all environmental consequences of production of concrete, asphalt, and their constituent materials, CO 2 emission has attracted most of the attention [22] . Another recent effort in this field is the reduction of CO 2 emission by the use of recycled materials in cement industry in Japan [7] . Studies suggest that energy consumption and CO 2 emission can serve as proper evaluation criteria for environmental impacts of concrete waste [14] .
Thus far, numerous research projects have been performed on road and building construction to determine the water-to-cement ratio (for concrete mix) and the optimum percentage of bitumen (for asphalt mix). These studies have led to developing several codes and standards in countries. However, little attention has been paid to recycled aggregates. Investigating the environmental potential of the combination of natural and recycled aggregates, this study could act as a minimum effort to encourage the standards' officials to pay attention to the combination of NA and RA aggregates. Indeed, this research assesses the environmental and economic feasibility studies of setting up the recycling centers of aggregates in the landfill location of cities where landfills have created the environmental crisis. It is worth noting that the optimum location of the landfill and recycling plant requires the GIS and optimization studies, which is not in the scope of this research. All of the above-mentioned cases show the gaps in the research into aggregates, which this study aims to cover.
In the present study, mathematical modeling is carried out with two objectives. The first objective is the economic (cost) and the environmental (energy consumption and CO 2 emission) assessment of production and recycling of aggregates, which is pursued via a simplified life-cycle assessment methodology. The second objective is to estimate the optimal ratio of production of natural and recycled aggregates based on economic and environmental criteria. For this purpose, the production scenarios of natural and recycled aggregates as well as the hybrid optimal scenario are evaluated and compared.
Methodology and Materials
Life-cycle assessment (LCA) is an efficient method for evaluating the performance of a product during its lifetime. Research has shown that this approach can be easily adopted for materials such as concrete [23, 24] . Another merit of this method is its utility in evaluation of building [25] [26] [27] [28] [29] [30] and road construction [31] applications. In view of these merits, this study uses LCA for evaluation of energy consumption, CO 2 emission, and the costs associated with aggregate production and recycling. The term aggregate refers to naturally or artificially crushed rock typically used, depending on the size, in the construction of roads and buildings. Technical specifications of aggregates to be used for concrete are specified by different standards such as ASTM C 33 (ASTM C 33M: 2013, Standard Specification for Concrete Aggregates). The major applications of aggregates are in the construction of roads and pavements (bass, subbase, and asphalt) [10, 32] and buildings (structure and envelope), landscaping, and construction of precast concrete pieces [11] .
According to the ISO 14040 [33] standard, a LCA should be carried out in four distinct phases that consist of (a) goal and scope, (b) life-cycle inventory, (c) life-cycle impact assessment, and (d) interpretation. This sequence is used in the implementation process of the LCA, which is followed.
Goal, Boundary, and Inventory Modeling.
Aggregates are divided into two types: natural and recycled. Virgin or natural aggregate (NA) refers to the products that are mined by blasting or excavation and then crushed and processed in a crushing plant [34] . Recycled aggregates however are those that are obtained from a recycling plant set-up in a landfill. Both of these plants can be either central (fixed) or mobile [9] , but this study is focused on the plants of central type. The functional unit in this study is annual production of NA and/or RA by 480,000 tons/year.
Cradle-to-grave life-cycle of aggregates is illustrated in Figure 1 . Cradle-to-gate is the whole phases of Figure 1 except concrete/asphalt plant and construction site/road. As other phases are similar and same for the natural and recycled aggregate, they have not been evaluated. On the other hand, cradle-to-gate assessments are sometimes the basis for environmental product declarations (EPD) termed business-tobusiness EDPs. Thus, cradle-to-gate is chosen in the present research. Based on the cradle-to-gate life-cycle of aggregates, scope and inventory of LCA model can be defined as shown in Figure 2 . In other words, Figure 2 serves as the conceptual model of this study. The scope of this study includes natural and recycled aggregates, cost, energy consumption, CO 2 emission, and natural and recycled aggregate production plants.
In the inventory of LCA model of this study, the inputs include the aggregate production and recycling processes, the number, type and specifications of machinery, and the cost, energy consumption, and CO 2 emission of each piece of equipment, and the outputs are the total amounts of CO 2 emission, energy consumption, and cost. (Process) and Scenarios. This study is based on two primary scenarios: (i) obtaining natural aggregates from quarry and (ii) obtaining recycled aggregates from C&D wastes. Aggregates production and recycling processes that consist of crushing operation are normally carried out in two types of fixed (central) and mobile plants [9] . In the present study, the fixed plant type, which is more comprehensive, is investigated.
Description of the Production and Recycling Facility
Production of natural aggregates (scenario 1) consists of two phases: (1) mining the raw material by blasting, excavation, or a combination of both and then transferring the mined rock to the crushing plant and (2) crushing and screening the aggregate to the desired size. The second stage is called processing or crushing phase, but this operation as a whole (scenario 1) is also referred to with the terms such as aggregate crushing and aggregate production. The process of recycling aggregates (scenario 2) is similar to natural aggregates production (scenario 1), except that the procedure of crushing and recycling and the used machinery are different [34] .
Created Economic and Environmental Analysis-Optimization Model
To ensure proper environmental (energy consumption and CO 2 emission) and economic evaluation, all procedures and processes defined in the inventory of LCA model should be investigated. The basic approach of the majority of countries to aggregates production is based on two mentioned scenarios, in both of which the first phase is based on diesel equipment, and the second phase is based on electric equipment (see Table 1 ). The energy (diesel and electricity) that is consumed by the plants is called the final energy and is equivalent to energy demand [34, 35] . But this energy (final) is a product of an initial source known as the primary energy (e.g., crude oil). Both types of energy can serve as appropriate measurement criteria for energy consumption, but this study uses the primary energy for this purpose. In this study, conversion of final energy to primary energy and calculation of CO 2 emission due to primary energy consumption are based on the factors given in Table 1 . The model of this study consists of two parts. Since the first objective is the economic and environmental evaluation of aggregate production and recycling plants, the first part of the model covers the variables of cost, energy consumption, and CO 2 emission. The second objective, which is to provide an optimal solution, requires the optimization function to be defined in terms of the said variables, so the second part of the model is developed after obtaining the results of the first part. Terms and definitions related to the model and variables of this study are shown in Table 2 . The kilogram oil equivalent (kgoe) unit is employed for energy computation. Similarly, CO 2 eq/kgoe is used for CO 2 emissions. ) . This section presents the mathematical formulation used for the estimation of cost, energy consumption, and CO 2 emission in the two defined scenarios. The final energy consumption (or energy demand) of each step is calculated by (1) that depends on the plant production capacity, power of machinery, and the number of similar apparatuses. According to (2), the total primary energy consumption in each scenario equals the sum of primary energy consumption of diesel and electric machinery, which is obtained by multiplying their final energy consumption by an energy factor. The total CO 2 emission in each scenario (3) is obtained by summing the CO 2 emissions of diesel and electric machinery (steps 1 and 2). For any given machinery, this emission is the product of its primary energy consumption and an emission factor. Equations (1) and (2) are related to energy mathematical model, while (3) is CO 2 emissions mathematical model.
Assessment (the First Part
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As expressed by (4), the annual investment cost for the plant equals the purchase cost of machinery divided by their assumed useful life. The cost of energy consumption of machinery (5) is obtained by multiplication of their primary energy consumption by the price of crude oil (per kg). As shown in (6), the total cost of each scenario will be the sum of ownership cost of machinery, cost of their energy consumption, wages of operators, and cost of repair and maintenance. Equations (4) to (6) are related to energy mathematical model.
Optimization (the Second Part).
The second part of modeling is based on the results of the first part. By combining the described variables for both scenarios, the optimal amount of natural and recycled aggregates, thus the optimal mixing ratio can be estimated. The objective function obtained from the interaction of research variable is expressed by (7). This equation is combination mathematical model of energy consumption, CO 2 emissions, and cost for optimization.
Since the objective of optimization is to estimate the optimal weight of each type of aggregate, the sum of both types of aggregates, both being positive values, is equal to one ton. These two constraints are defined by (8) . Next, maximum or minimum amount of NA and RA can be limited with qualitative constraints based on experimental studies and depending on the type of application such as [16] research.
After obtaining the optimum values of aggregates, one can define a third scenario, that is, an optimal scenario combining the other two approaches (see Figure 2 ), subject to
Case Study.
Based on the concept of the analysis in this paper, a program is created via Java which is a programming language; screen of the computer generated program is shown in Figure 3 . To evaluate and validate the defined model, two aggregate production and recycling plants, each having a capacity of 200 t/h, are studied. The first plant, chosen for scenario 1, is an aggregate production plant in the west of Tehran (Akam Gravel company), and the second plant, chosen for scenario 2, is assumed based on a business proposal by a Chinese firm (a 200 tons/hour proposed plant by Zhengzhou Yifan Machinery Co., Ltd.). Tables 3 and 4 show the specifications of machinery in these two plants. Typically, working hours of such centers are limited to 8 hours a day to control their environmental effect such as noise and air pollution. All calculations are carried for the period of one year consisting of 12 months, each with 30 working days.
Results and Discussions
The model was coded based on the defined formulas and relationships, and specifications of the case study were imported into the developed program. Since the secondary objective of the study was the described optimization, the third scenario, which was created based on the optimal values, was adopted as the optimal scenario and solution. The results obtained for the variables of this study are shown in Table 5 .
Given the results obtained for the combination of production of NA and RA, the optimal ratio was found to be 50%. As a result, the values of energy, CO 2 emission, and cost for scenario 3 (optimal scenario) are the averages of corresponding values in scenarios 1 and 2. Table 6 shows the detailed results for all three scenarios which fall within the ranges which have been used in one of the environmental studies related to life-cycle concrete block [36] .
According to the results presented in Table 6 , in scenario 1, the major consumer of energy is the crushing phase (step 2), which has caused a significant increase in total energy consumption, yet the CO 2 emission produced due to extraction phase (step 1) is greater than the amount produced due to crushing phase. This is because extraction phase relies on diesel machinery, which has a higher CO 2 emission factor than electric machinery used in the next phase. It means the energy consumption function is most sensitive to electric equipment, whereas the CO 2 emissions function is most sensitive to diesel consumer equipment. In scenario 2, the absence of large diesel machinery in step 1 has led to low energy consumption, thus making step 2 the major energy consumer. Since scenario 3 is a combined scenario, its major energy consumer and CO 2 emission source are, respectively, the crushing phase and the extraction phase. Conveyor belt 1 × 8 6. The chart of final status of the three research scenarios is illustrated in Figure 4 . The values of research variables are also plotted in a bar chart. Figure 4 indicates that scenario 3 (optimized scenario) has resulted in more balanced values than the others. Thus, scenario 3 would be an optimal solution for reducing environmental consequences of aggregate mines and therefore an eco-friendly alternative in this respect. As shown in Table 6 , scenario 3 is 30% more economic and has 36% lower CO 2 emission and 31% lower energy consumption than scenario 1; the improvements demonstrate the effectiveness of the third scenario but it requires a sensitivity analysis.
The CO 2 emission is function of CO 2 emission factor and energy consumption which has two operational phases or two steps. Thus, we need to discuss applying the CO 2 emissions sensitivity to the related parameters. According to [34, 37] , uncertainties in LCA of waste management systems for recycling process consist of scenario uncertainty and parameter uncertainty. As the aim of perturbation analysis is to determine the effect of an arbitrary change of single parameter values on the model's result, the sensitivity coefficient (SC) is the ratio between the two generated absolutes [37] . In the present study, each parameter value is individually varied by a small increase; then the variation of the result is calculated. According to [34, 37] , the sensitivity coefficient could be calculated by (9) . Based on (3), the CO 2 emission is function of CO 2 emission factor and energy consumption which has two operational phases or two steps. Thus, we need to discuss applying the CO 2 emissions sensitivity. In other words, as CO 2 emission depends on energy consumption, it does not need discussion. The results of sensitivity coefficient of CO 2 emission model to each parameter are summarized in Table 7 . According to Table 7 , the SC of emission conversion factors is higher than that of energy consumption. Thus, the CO 2 emission model is the most sensitive to parameters of emission conversion factors. Furthermore, evaluation of all scenarios demonstrates that the sensitivity coefficient of the emission rises by increasing the percentage of NA (or decreasing the RA). Thus, the CO 2 emission model is most sensitive to the first scenario.
Conclusions
Aggregates, both natural (NA) and recycled (RA), have various structural and nonstructural applications. For the production of natural aggregates (represented in this study by scenario 1), raw materials should be mined from quarries and crushed and screened in the crushing plants. Production of recycled aggregates (represented in this study by scenario 2) is based on recycling of construction and demolition (C&D) wastes at dedicated recycling plants. The fuels consumed by the machinery of these two types of plants are diesel and electricity. This study had two objectives. The first objective was the environmental (energy consumption and CO 2 emissions) and economic (production cost) evaluation of scenario 1 (NA) and scenario 2 (RA). The main variables of this part of the study were the production cost, energy consumption, and CO 2 emissions. To estimate these variables, mathematical relations of the life-cycle of aggregates in both scenarios were introduced and formulated. The second objective of the study was to estimate the optimal ratio of production of NA and RA based on the results of life-cycle analysis (LCA). By achieving the optimal mixing ratio, the previous two scenarios combined together and generated third scenario in an optimal approach. Objective function of the optimization problem was formulated using the outputs of the LCA. This function can be developed with specific quantitative constraints, depending on the type of application, site material, and experimental test, in order to introduce further complexity to the function or improve the accuracy of its estimations. The defined formulas and relationships were used to code a computer program via Java programming language.
Software for assessment and optimizing the combination ratio of NA and RA was produced. The developed model was tested in a case study to evaluate its performance. In this study, information of two aggregates production and recycling plants was analyzed. The results of the first part (lifecycle assessment) showed that diesel machinery have a lower energy consumption and yet higher CO 2 emission than electric machinery. It was found that energy consumption, CO 2 emission, and the costs of scenario 2 are less than those of scenario 1. After optimization, the optimal ratio of aggregates combination was found to be 50%. Energy consumption, CO 2 emissions, and the cost of scenario 3 were found to be balanced values ranging between the values obtained from the previous scenarios. According to the results of life-cycle analysis, energy consumption, CO 2 emissions, and production cost of one ton of combined aggregates (scenario 3) are 1.6 kilogram oil equivalent (kgoe), 2.85 CO 2 eq., and 1.17 USD, which are 30%, 36%, and 31% better than their respective values in scenario 1. Generalization of values obtained in the first scenario to the total amount of aggregates produced and consumed in major countries like US highlights the true extent of environmental impacts associated with this issue. Thus, the least that can be done toward mitigating the undesirable environmental and economic effects of overexploitation of stone quarries is to adopt a combined solution like the third scenario discussed in this paper.
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